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A study of prevalence, diversity, and antimicrobial resistance of Salmonella enterica in surface water in the southeastern United
States was conducted. A new scheme was developed for recovery of Salmonella from irrigation pond water and compared with
the FDA’s Bacteriological Analytical Manual (8th ed., 2014) (BAM) method. Fifty-one isolates were recovered from 10 irrigation
ponds in produce farms over a 2-year period; nine Salmonella serovars were identified by pulsed-field gel electrophoresis analy-
sis, and the major serovar was Salmonella enterica serovar Newport (S. Newport, n � 29), followed by S. enterica serovar Enteri-
tidis (n � 6), S. enterica serovar Muenchen (n � 4), S. enterica serovar Javiana (n � 3), S. enterica serovar Thompson (n � 2),
and other serovars. It is noteworthy that the PulseNet patterns of some of the isolates were identical to those of the strains that
were associated with the S. Thompson outbreaks in 2010, 2012, and 2013, S. Enteritidis outbreaks in 2011 and 2013, and an S.
Javiana outbreak in 2012. Antimicrobial susceptibility testing confirmed 16 S. Newport isolates of the multidrug resistant-AmpC
(MDR-AmpC) phenotype, which exhibited resistance to ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, and tet-
racycline (ACSSuT), and to the 1st, 2nd, and 3rd generations of cephalosporins (cephalothin, amoxicillin-clavulanic acid, and
ceftriaxone). Moreover, the S. Newport MDR-AmpC isolates had a PFGE pattern indistinguishable from the patterns of the iso-
lates from clinical settings. These findings suggest that the irrigation water may be a potential source of contamination of Salmo-
nella in fresh produce. The new Salmonella isolation scheme significantly increased recovery efficiency from 21.2 (36/170) to
29.4% (50/170) (P � 0.0002) and streamlined the turnaround time from 5 to 9 days with the BAM method to 4 days and thus may
facilitate microbiological analysis of environmental water.

Salmonella enterica is a major food-borne pathogen that causes
diseases in humans worldwide and also in animals, such as

poultry (1, 2). According to the U.S. Centers for Disease Control
and Prevention (CDC), in the United States from 1998 to 2008,
Salmonella was the most common bacteriological etiological agent
for food-borne diseases, responsible for 1,449 (18%) of the 7,998
outbreaks with a confirmed or suspected single etiology, 44% of
the hospitalizations, and the most deaths (60 [30%] deaths) (3). It
is estimated that approximately 1 million cases of salmonellosis
occur in the United States each year (2) and that they cost more
than 1 billion dollars (4). Moreover, despite substantial efforts by
public health scientists to enhance the detection and monitoring
systems of food-borne pathogens over the years, Salmonella infec-
tions have not declined significantly in more than a decade (5).

Salmonellosis in humans generally is a self-limiting disease,
and patients frequently recover on their own without the need for
medical attention. However, invasive salmonellosis is estimated to
occur in 5% of cases, leading to life-threatening systemic infec-
tions that require effective chemotherapy (6). In the last 20 years,
of increasing concern is the worldwide emergence of multidrug-
resistant (MDR) phenotypes among Salmonella serotypes, in par-
ticular, Salmonella enterica serovar Typhimurium (7) and, more
recently, S. enterica serovar Newport (8, 9). S. Typhimurium
DT104, which is resistant to at least five antimicrobials including
ampicillin, chloramphenicol, streptomycin, sulfamethoxazole,
and tetracycline, has caused severe infections and deaths in ani-
mals and humans worldwide (7). MDR S. Newport has recently
been undergoing epidemic spread in both animals and humans
throughout the United States (10). In addition to the pentadrug

resistance found in S. Typhimurium DT104, S. Newport is also
resistant to amoxicillin-clavulanic acid, cephalothin, cefoxitin,
ceftiofur, and ceftriaxone; this serovar has accordingly been
named S. enterica serovar Newport MDR-AmpC. A multistate
outbreak of S. Newport MDR-AmpC was reported by the Centers
for Disease Control and Prevention; raw or undercooked ground
beef was implicated as the vehicle of transmission (11). The resis-
tance of S. Newport MDR-AmpC to ceftiofur and ceftriaxone has
significant clinical implications both in humans and for veterinary
medicine. Ceftriaxone is the drug of choice for treatment of severe
salmonellosis in humans, especially in children.

Over 2,600 serovars of Salmonella enterica have been identified
(12), and they vary in their host ranges and abilities to cause dis-
ease in humans. Salmonella enterica is most commonly spread via
contaminated foods, such as poultry, beef, pork, eggs, milk, sea-
food, and fresh produce (13), but it is also frequently isolated from

Received 23 June 2014 Accepted 30 July 2014

Published ahead of print 8 August 2014

Editor: D.W. Schaffner

Address correspondence to Baoguang Li, baoguang.li@fda.hhs.gov.

* Present address: Huanli Liu, Branch of Microbiology, Arkansas Regional
Laboratory, Office of Regulatory Affairs, FDA, Jefferson, Arkansas, USA; Zonglin Hu,
Winchester Engineering and Analytical Center, Office of Regulatory Affairs, FDA,
Winchester, Massachusetts, USA.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.02063-14

October 2014 Volume 80 Number 20 Applied and Environmental Microbiology p. 6355– 6365 aem.asm.org 6355

http://dx.doi.org/10.1128/AEM.02063-14
http://aem.asm.org


fresh and marine waters (14, 15). Salmonella can be disseminated
into environmental waters via human sewage, urban and agricul-
tural runoff, and fecal matter from wildlife and domestic animals
(16). Studies have demonstrated that food-borne pathogens such
as Salmonella can survive for extended periods of time in the soil
and water and can readily adapt to an aquatic lifestyle (17, 18).
Furthermore, natural waters can serve as a vehicle for dissemina-
tion of Salmonella in the environment and as a route of transmis-
sion among hosts (16). Although Salmonella traditionally has
been regarded as a host-associated food-borne pathogen, irriga-
tion water has increasingly been recognized as a route of transmis-
sion of Salmonella (19), with subsequent introduction of Salmo-
nella enterica to leafy vegetables (20, 21). Fruits and vegetables
have been increasingly recognized as an important source of Sal-
monella enterica in food-borne outbreaks (22, 23). Irrigation with
contaminated water not only can increase the level of bacteria
such as Salmonella enterica on leafy green produce (24–26) but
also can augment the internalization of Salmonella enterica into
edible parts of leafy green vegetables through openings such as
plant stomata and/or scars associated with plant health injuries
(27, 28).

A rise in outbreaks caused by Salmonella enterica has been rec-
ognized in many parts of the world (19). In spite of the increased
evidence of contaminated irrigation water as a suspected source of
enteric pathogens during numerous produce-related outbreaks,
little is known about the prevalence, distribution, diversity, and
antimicrobial resistance of Salmonella enterica in surface water
used for crop irrigation. A better understanding of the pathogen
dynamics associated with surface waters would be indispensable
for the development of effective strategies to mitigate the risk of
produce contamination by Salmonella. To achieve this objective,
rapid and efficient methods for the detection, isolation, and sub-
typing are desirable. Therefore, the aim of this study was to inves-
tigate the prevalence, diversity, and antimicrobial resistance of
Salmonella enterica in irrigation pond water in produce farms in
the southeastern United States. During the course of the study, we
also developed an improved and efficient Salmonella isolation
method and compared it to the traditional method in the U.S.
FDA’s Bacteriological Analytical Manual (29).

MATERIALS AND METHODS
Sampling locations and schedules. This research was conducted from
July 2011 to September 2013 within the Suwannee River watershed. The
studied area is located in a principal agricultural production area in south-
ern Georgia, where vegetable production uses supplemental irrigation, as
shown in Fig. 1. Ten ponds that serve as irrigation water sources for veg-
etable and crops throughout this area were chosen and coded as BB, VH,
RT1, RT, CC1, SC, NP, LV, CC2, and MD1. Two sampling schedules were
used in this study. Specifically, all 10 ponds were sampled from July 2011
to February 2012, while sampling of SC, NP, LV, CC2, and MD1 was
extended from March 2012 to September 2013. The sizes and depths of
these 10 selected irrigation ponds ranged from 12,000 to 93,000 m2 and
from 3 to �10 m deep. The distances between ponds are listed in Table 1.
In this study, a single 10-liter water sample close to the pumps was col-
lected monthly from each pond. Collected water samples were stored on
ice in the field and transported to a laboratory for analysis. In total, 170
samples were collected from these irrigation ponds during the 27-month
study period.

Water sample concentration and enrichment. Each 1-liter water
sample was vacuum filtered through a 1,000-ml corning filter system
(Corning, Inc., Corning, NY) unit with a 0.45-�m-pore-size sterile nitro-
cellulose membrane. The membrane was broken into pieces by sterile tips

and transferred to a 50-ml conical tube containing 10 ml of tryptic soy
broth (TSB) (Difco/Becton, Dickinson, and Co., Franklin Lakes, NJ). The
tube was vortexed vigorously for 30 s and subsequently incubated at 37°C
with continuous shaking at 180 rpm for 18 h (Fig. 2).

Development scheme for Salmonella detection and/or isolation
from environmental water. To improve the Salmonella isolation from
environmental water, we combined our newly developed Salmonella de-
tection quantitative PCR (qPCR) assay with sample concentration and
enrichment and the BAM Salmonella isolation method (29) and com-
pared the efficiencies between the two protocols. Two parallel sets of ex-
periments (A and B) were performed. For experiment A, a qPCR assay was
applied to preenriched water samples to determine the presence of Salmo-
nella before proceeding further with the BAM procedures. Initially, 0.5 ml
of the preenriched culture was centrifuged at 10,000 � g for 5 min; the
supernatant was then removed, and the cell pellet was washed with 1 ml of
phosphate-buffered saline (PBS), centrifuged, and suspended in 150 �l of
PrepMan solution (Life Technologies, Grand Island, NY) for DNA extrac-
tion. The extracted DNA was subjected to a qPCR assay (30) to screen for
the presence of Salmonella. Briefly, reaction mixtures consisted of 12.5 �l
of 2� Universal Master Mix (Life Technologies), 200 nM forward and
reverse primers targeting the invA gene in Salmonella, and 100 nM probe.
Water sample DNA and an appropriate volume of nuclease-free water
were added to reach a final reaction volume of 25 �l. The qPCR conditions
were set as follows: activation of TaqMan (Life Technologies) at 95°C for
10 min, followed by 40 cycles of denaturation at 95°C for 10 s and anneal-
ing/extension at 60°C for 1 min.

In experiment A, the approach was to perform the isolation proce-
dures only on samples with positive qPCR results (threshold cycle [CT] of
�35), while in experiment B, the BAM protocol was followed to process
all preenriched samples (Fig. 2). The samples with positive qPCR results in
experiment A and all preenriched samples in experiment B were further
enriched in tetrathionate (TT) broth. Specifically, 0.5 ml of preenriched
sample was inoculated into 4.5 ml of TT broth and incubated at 42°C with
shaking at 180 rpm for 18 h. A loopful of enriched sample (about 10 �l)
was streaked onto three selective agar plates, xylose lysine desoxycholate
(XLD), Hektoen enteric (HE), and bismuth sulfite (BS), and incubated at
35°C for 24 � 2 h. After incubation, four to eight well-separated colonies
that exhibited typical colony morphology of Salmonella on XLD (black),
HE (dark greenish), or BS (brownish) agar were picked and inoculated
into 100 �l of LB medium in a 96-well culture plate. The inoculated plate
was incubated at 37°C for 4 h. The culture on the plate was split into two
plates with a multichannel pipette. A part of the culture was saved as seeds
for the picked colonies, and the other part of the culture was used for DNA
extraction, which was performed using PrepMan Ultra sample prepara-
tion reagent (Life Technologies) according to the manufacturer’s instruc-
tions. In experiment A, a qPCR assay was performed to confirm the pre-
sumptive Salmonella-positive colonies as described above (30), whereas in
experiment B, conventional methods were used as described in the BAM
(29) (Fig. 2). The confirmed Salmonella isolates were frozen at �80°C in
LB medium supplemented with 15% glycerol for subsequent analyses and
long-term storage.

PFGE. Pulsed-field gel electrophoresis (PFGE) was performed accord-
ing to a protocol developed by the CDC in 2002 using Salmonella Braen-
derup H9812 as the control strain. Agarose-embedded DNA was digested
with 50 U of XbaI or BlnI (Boehringer-Mannheim, Indianapolis, IN) for
least 4 h in a water bath at 37°C. The restriction fragments were separated
by electrophoresis in 0.5� TBE (Tris-borate-EDTA) buffer (Invitrogen,
Carlsbad, CA) at 14°C for 18 h using a Chef Mapper electrophoresis sys-
tem (Bio-Rad, Hercules, CA) with pulse times of 2.16 to 63.8 s. Isolates
showing DNA smears were retested using plugs digested with XbaI or BlnI
and electrophoresis buffer containing 50 �M thiourea in 0.5� TBE buf-
fer. The gels were stained with ethidium bromide, and DNA bands were
visualized with UV transillumination (Bio-Rad). PFGE results were ana-
lyzed using BioNumerics software (Applied-Maths, Kortrijk, Belgium),
and banding pattern similarity was compared using the average of two
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enzyme analyses with a 1.5% band position tolerance. The generated
unique PFGE patterns were compared with those in the Center for Veter-
inary Medicine (CVM) PFGE database and queried against the CDC
PulseNet as well.

Antimicrobial susceptibility. Fifty-one Salmonella isolates were as-
sessed for antimicrobial susceptibility by the Kirby-Bauer method using
Sensi-Disc susceptibility test disks (Becton, Dickinson, and Co., Sparks,
MD, USA) according to the manufacturer’s instructions. Briefly, disks
with antimicrobials were loaded onto a bacterial lawn made by swabbing
0.1 ml of bacterial culture (optical density at 260 nm [OD260] of 0.5) in LB

broth onto Mueller-Hinton agar plates (Difco). Plates were incubated at
37°C for 16 to 18 h. Antimicrobial susceptibility of Salmonella isolates was
evaluated by measuring the diameters of inhibition zones and referring to
the zone diameter interpretive chart from the Sensi-Disc kit (31). Our
susceptibility test panel covered 16 antimicrobials, including ampicillin-
sulbactam (test disc code SAM-20), amikacin (AN-30), amoxicillin-cla-
vulanic acid (AMC-30), cefotaxime (CTX-30), ceftazidime (CAZ-30),
ceftriaxone (CRO-30), cephalothin (CF-30), gentamicin (GM-120),
chloramphenicol (CHL-30), ciprofloxacin (CIP-5), kanamycin (KAN-
30), nalidixic acid (NAL-30), streptomycin (STR-10), tetracycline (TET-

FIG 1 Map of the Suwannee River basin. HUC 4 refers to a watershed that is very large in area, typically representing a large river basin; HUC 8 refers to
a smaller watershed, typically ranging from around 500 to 2,000 square miles in area. The locations and sizes of surveyed irrigation ponds in the map are
not to scale.
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30), trimethoprim-sulfamethoxazole (SXT), and trimethoprim (TMP-5).
Escherichia coli (ATCC 25922) was used as the control strain for antibiotic
susceptibility testing.

Statistical analyses. Data were analyzed using SAS, version 9.3 (Cary,
NC). The comparative analysis of recovery of Salmonella from the irriga-
tion pond water by the new and old schemes was conducted with Mc-
Nemar’s test (or paired chi-square test). The seasonal factors on the re-
covery of Salmonella from the five irrigation ponds and the prevalence of
the individual irrigation ponds were analyzed with Friedman’s x2 test,
followed by a Kruskal-Wallis test. For all measures of association, P values
of �0.05 were considered significant.

RESULTS
Detection and isolation of Salmonella enterica from water sam-
ples. In an effort to improve the efficiency of detection and isola-
tion of Salmonella, in this study, we developed a new Salmonella
isolation scheme and compared it with the original BAM method

(29). To assess the efficiency of the two isolation schemes for re-
covery of Salmonella from environmental water samples, we
tested a total of 170 water samples from the 10 selected irrigation
ponds between July 2011 and September 2013, including water
samples from five ponds that were sampled from July 2011 to
February 2012. After water samples were concentrated and preen-
riched, a qPCR assay was performed to detect the presence of
Salmonella in the water samples. Two parallel sets of experiments
were made: in experiment A, isolation procedures were performed
only on samples with positive qPCR results (CT of �35), while in
experiment B, the BAM protocol for Salmonella isolation was per-
formed on all preenriched samples (Fig. 2). A summary of the
results of Salmonella recovery from pond water samples is shown
in Table 2. As a result, a total of 14 more isolates were recovered
with the new scheme than with the original BAM scheme.

TABLE 1 Geographic distances (km) between irrigation ponds used in this study

Pond BB VH LV RT2 RT1 SC NP MD1 CC1 CC2

BB 79.49 105.86 108.43 109.48 111.49 122.88 123.87 173.42 181.34
VH 79.49 95.43 141.84 140.58 87.45 97.31 82.37 108.25 116.56
LV 105.86 95.43 48.17 47.18 9.55 18.04 33.82 95.43 100.94
RT2 108.43 141.84 48.17 1.71 57.03 59.49 81.33 141.86 146.60
RT1 109.48 140.58 47.18 1.71 55.94 58.16 80.19 140.58 145.26
SC 111.49 87.45 9.55 57.03 55.94 11.66 24.44 85.92 91.39
NP 122.88 97.31 18.04 59.49 58.16 11.66 24.43 82.47 87.11
MD1 123.87 82.37 33.82 81.33 80.19 24.44 24.43 61.75 67.59
CC1 173.42 108.25 95.43 141.86 140.58 85.92 82.47 61.75 8.31
CC2 181.34 116.56 100.94 146.60 145.26 91.39 87.11 67.59 8.31

FIG 2 Schemes of the Salmonella enterica isolation. Experiment A is a new protocol developed in this study; experiment B is a protocol based on the FDA’s BAM
isolation method forSalmonella. A green arrow indicates a change in procedure.
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TABLE 2 Recovery and antimicrobial susceptibility of Salmonella isolates from irrigation pond water samplesa

Pond Sample Isolate from  Recovery scheme Serovar           Antimicrobial susceptibility
Isolate  code date sample with New BAM by PFGE to sixteen drugs

CT >30 A B C D E F G H I J K L M N O P
C75 BB 7/5/2011 + + Newport
C82 LV 8/15/2011 + + Newport
C83 NP 8/15/2011 32.34 + - Newport
C84 SC 8/15/2011 + + Newport
C88 RT2 8/29/2011 + + Newport
C90 CC2 8/29/2011 32.50 + - Newport

C107 RT1 10/24/2011 + + Newport
C108 RT2 10/24/2011 30.10 + - Newport
C109 RD1 10/24/2011 31.74 + - Newport
C110 CC2 10/24/2011 + + Newport
C111 CC1 10/24/2011 + + Thompson
C122 LV 12/5/2011 + + Newport
C123 NP 12/5/2011 30.44 + - Newport
C124 SC 12/5/2011 32.62 + - Newport
C125 BB 12/5/2011 33.34 + - Newport
C126 VH 12/5/2011 + + Newport
C142 LV 2/6/2012 34.69 + - Newport
C143 NP 2/6/2012 + + Thompson
C147 RT1 2/21/2012 + + Newport
C148 RT2 2/21/2012 31.29 + - Newport
C149 MD1 2/21/2012 + + Newport
C150 CC2 2/21/2012 31.29 + - Newport
C151 CC1 2/21/2012 + + Newport
C152 MD1 3/19/2012 + + Newport
C153 CC2 3/19/2012 + + Newport
C154 LV 3/26/2012 + + Newport
C162 MD1 5/7/2012 + + Newport
C163 CC2 5/7/2012 + + Newport
C166 SC 5/21/2012 + + Enteritidis
C174 LV 7/23/2012 + + Muenchen
C177 MD1 8/13/2012 + + Newport
C179 LV 8/27/2012 + + Enteritidis
C180 NP 8/27/2012 + + Enteritidis
C181 SC 8/27/2012 + + Enteritidis
C182 MD1 9/17/2012 + + Enteritidis
C183 CC2 9/17/2012 + + Enteritidis
C186 SC 9/17/2012 + + Inverness
C188 CC2 10/1/2012 + + ?
C197 MD1 12/3/2012 + + Javiana
C198 CC2 12/3/2012 + +
C227 MD1 6/13/2013 + + ?
C234 LV 7/22/2013 + + Newport

C234A LV 7/22/2013 + +
C235 NP 7/22/2013 + + Newport
C240 NP 8/19/2013 + + Muenchen
C241 SC 8/19/2013 32.37 + - Muenchen
C242 MD1 9/16/2013 + + Javiana
C243 CC2 9/16/2013 32.15 + - Virchow
C244 LV 9/23/2013 32.25 + - Javiana
C245 SC 9/23/2013 30.69 + - Bareilly
C246 SC 9/23/2013 + + Muenchen

Saintpaul

Saintpaul

a The drugs used in susceptibility testing are as follows (Sensi-Disc code): A, amikacin (AN-30); B, amoxicillin-clavulanic acid (AmC-30); C, ampicillin-sulbactam (SAM-20); D,
cefotaxime (CTX-30); E, ceftazidime (CAZ-30); F, ceftriaxone (CRO-30); G, cephalothin (CF-30); H, gentamicin (GM-120); I, ciprofloxacin (CIP-5); J, chloramphenicol (CHL-
30); K, kanamycin (KAN-30); L, nalidixic acid (NAL-30); M, streptomycin (STR-10); N, tetracycline (TET-30); O, trimethoprim (TMP-5); P, trimethoprim-sulfamethoxazole
(SXT). Results are coded as follows: blank, sensitive; blue, resistant; green, intermediate.
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A comparison of the results obtained from the two methods
demonstrated that the Salmonella recovery rate in experiment A
with the new method (29.4%, 50/170) was significantly higher
(P � 0.0002) than that in experiment B with the original BAM
method (21.2%, 36/170) (Table 3).

Subtyping Salmonella enterica by PFGE analysis. In order to
increase the discriminatory power of the PFGE analysis, two re-
striction enzymes, XbaI and BlnI, were used for PFGE analysis.
Among the 51 isolates analyzed by PFGE, a total of 17 different
PFGE patterns, representing nine different serovars, were ob-
tained (Fig. 3). Of the 17 PFGE patterns, two patterns represented
two different lineages of the same serovar, S. Newport. These two
patterns covered 13 (cluster C) and 16 (cluster D) isolates, respec-
tively, and represented the most commonly found serovar (29/51,
56.9%). The third largest cluster was comprised of six isolates
(cluster B) that were identified as S. enterica serovar Enteritidis.
Four S. enterica serovar Muenchen isolates were identified, and
each isolate had a unique PFGE pattern. Three S. enterica serovar
Javiana isolates were confirmed, and two isolates shared a PFGE
pattern while the third one had a unique PFGE pattern. Two S.
enterica serovar Thompson isolates shared a PFGE pattern in clus-
ter A, while each of two S. enterica serovar Saintpaul isolates had its
own specific PFGE pattern. The remainder recovered Salmonella
serovars included single isolates of S. enterica serovar Inverness, S.
enterica serovar Bareilly, and S. enterica serovar Virchow and two
Salmonella isolates (C188 and C227) which were not typeable by
PFGE; each serovar had a specific PFGE pattern (Fig. 3).

Spatial-temporal factors of Salmonella prevalence in the ir-
rigation water ponds. Of the 170 water samples from the 10 se-
lected irrigation ponds, 50 were positive for Salmonella by the
qPCR assay, and at least one Salmonella strain was isolated from
each PCR-positive water sample. The overall Salmonella preva-
lence was 29.4% (50/170) for the 10 irrigation ponds for the 27
months of the survey period. During the survey period, multiple
projects shared water samples, and some projects had overlaps in
the sample scheduling. This resulted in some inconsistencies in
sample scheduling; i.e., five ponds were surveyed for 27 months
while the five other ponds were surveyed for 8 months. Hence, to
remedy this for the purpose of analyzing prevalence, we used five
ponds for 2 years and left out the other five ponds (Table 4). But
for Salmonella isolation, we used all 10 ponds for the entire 27
months. The overall Salmonella prevalence was 30% (36/120) for
the five irrigation ponds for the 24 months of the survey period.
The prevalence for each irrigation water pond ranged from 25.0%

(6/24) positive at NP and SC to 37.5% (3/8) positive at MD1
(Table 4). Although the prevalences of some ponds such as MD
and CC2 were higher than those of the others, there were no sta-
tistically significant differences observed among the five ponds
(x2 � 1.61, df � 4, P � 0.7416). However, there was an obvious
seasonality in Salmonella prevalence, as shown in Fig. 4. The re-
covery of Salmonella in warmer months (July, August, and Sep-
tember) from five ponds, including MD1, CC2, LV, NP, and SC,
was significantly higher than that in the other months (x2 � 11.82,
df � 3, P � 0.008) over the 2-year study period.

Antimicrobial susceptibility. Fifty-one Salmonella isolates
were tested for antimicrobial susceptibility. Of the 16 antimicro-
bial agents tested, the most common resistance phenotypes ob-
served were to ceftriaxone (35.3%, 18/51), while all isolates were
susceptible to gentamicin, ciprofloxacin, nalidixic acid, and trim-
ethoprim. Among the 51 isolates, 22 isolates, including 6 S. Enter-
itidis isolates, were pan-susceptible to all 16 antibiotics tested (Ta-
ble 2). It is noteworthy that S. Newport isolates in cluster D (n �
16) were resistant to nine antibiotics: amoxicillin-clavulanic acid,
ampicillin-sulbactam, ceftazidime, cephalothin, ceftriaxone,
chloramphenicol, streptomycin, tetracycline, and trimethoprim-
sulfamethoxazole. These S. Newport strains also exhibited re-
duced susceptibility to cefotaxime (Table 2). On the other hand,
among the S. Newport isolates in cluster C (n � 13), only one
isolate (C75) was resistant to ceftriaxone, and two isolates (C152
and C162) showed reduced susceptibility to tetracycline. Besides
the antimicrobial susceptibility demonstrated by these S. Newport
isolates, a few non-Newport isolates also demonstrated moderate
antibiotic resistance. An S. Bareilly (C245) isolate was resistant to
ceftriaxone, and one of the three S. Javiana isolates (C242) was
resistant to kanamycin. In addition, two of the four S. Muenchen
isolates (C241 and C246), the S. Virchow isolate (C243), and one
of the three S. Javiana isolates (C244) showed intermediate resis-
tance to kanamycin (Table 2).

DISCUSSION

At the present time, food safety professionals and farmers are fac-
ing a Janus-like dilemma, i.e., a growing demand for fresh produce
accompanied by an increasing trend of food-borne outbreaks as-
sociated with consuming fresh produce (32). The increase in
food-borne outbreaks may be attributed to two factors: the im-
proved surveillance of Salmonella contaminations of fresh pro-
duce over the years and the growing consumption of fresh pro-
duce due to a shift in people’s eating habits toward healthier
lifestyles where more vegetables and fruits instead of meat are
consumed. It is predicted that consumption and production of
fresh produce will continue to rise (33). Salmonella transmission
and routes of entry into the food chain are complex and diverse;
contamination can occur in multiple steps along the “farm-to-
fork” continuum. Outbreaks of Salmonella caused by contami-
nated fresh produce have shown that the contamination can occur
locally or regionally or be more widely distributed. To constrain
and/or reverse these increasing trends, we need to expand our
knowledge of the prevalence, distribution, and diversity of Salmo-
nella enterica in irrigation pond waters used by produce farms.

Given that irrigation water can be a source of Salmonella con-
tamination of vegetables, the prevention of outbreaks could be
accomplished by consistent monitoring of the presence of Salmo-
nella enterica in water supplies. However, detection of Salmonella
in water samples can be complicated by factors such as fecal in-

TABLE 3 Prevalence of Salmonella enterica in irrigation pond water by
serovar

S. enterica isolate
No. of PFGE
patterns No. of isolates (%)

S. Newport 2 29 (56.9)
S. Enteritidis 1 6 (11.8)
S. Muenchen 4 4 (7.8)
S. Javiana 2 3 (5.9)
S. Thompson 1 2 (3.9)
S. Saintpaul 2 2 (3.9)
S. Bareilly 1 1 (2.0)
S. Inverness 1 1 (2.0)
S. Virchow 1 1 (2.0)
Nontypeable 2 2 (3.9)
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FIG 3 XbaI and BlnI PFGE-based dendrogram of Salmonella enterica isolates from irrigation ponds.
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hibitors in nucleic acid-based detection assays (34), inhibitors
from soil suspension in water samples (35), and a low number of
cells requiring a large volume of sample. Thus, a key aspect of
obtaining accurate assessments of the prevalence of Salmonella in
irrigation water relies greatly on the availability of sensitive and
specific detection methodologies. Traditional methods for isolat-
ing and identifying Salmonella in food rely on its growth on selec-
tive and differential media and serological identification. The ma-
jor limitation of these methods is that they typically take 5 to 9
days to produce results, and the sensitivity is relatively low. Detec-
tion methodologies for Salmonella have undergone dramatic im-
provements over the past 2 decades; DNA-based molecular detec-
tion methods such as qPCR have been widely used for bacterial
diagnostics. To streamline the process for detection of Salmonella
enterica from surface water, in this study we screened the preen-
riched water samples with a qPCR assay prior to the isolation
process and used the qPCR result as an indicator for the presence
of Salmonella enterica in the samples. In our experience, if preen-
riched samples showed CT values of �35 in qPCR, it was very
likely that Salmonella isolates would be recovered by a subsequent
culture isolation procedure (Table 2); on the other hand, if the CT

values were �35, no isolates would be recovered in the isolation
procedure. For instance, for all preenriched water samples
screened by qPCR with CT values of �30 (n � 14), isolates were
successfully recovered in experiment A, owing to the incorporated
qPCR screen step in the new protocol (Fig. 2). In these cases, the
qPCR results showed CT values of �30 but �35 (Table 2), which
gave a hint that Salmonella was present in the samples, albeit the

numbers of Salmonella cells were quiet low. Hence, special atten-
tion was paid to these samples in the isolation process; for exam-
ple, additional streaking steps were taken by picking some mate-
rial from the incubated plates which showed growth of a possible
mixture of Salmonella and non-Salmonella bacteria (dark blue to
blackish appearance). In this way, Salmonella strains were eventu-
ally isolated from samples with higher CT values (�30 but �35)
(n � 14) in experiment A. In contrast, in experiment B, these 14
samples were disregarded and deemed negative samples in the
initial isolation step because typical Salmonella colonies did not
appear on the three selective medium plates. Empirically, with this
new protocol, we were able to improve the Salmonella recovery
rate from 21.1% (36/170) to 29.4% (50/170) from irrigation pond
water, substantially cut down the workload involved in the current
isolation procedures, and shorten the turnaround time from 5 to 9
days to 3 to 4 days (Fig. 2).

In this study, the presence and diversity of Salmonella enterica
in irrigation pond waters of the southeastern United States were
assessed for 27 months (July 2011 to September 2013). Of the 10
ponds, 5 ponds were surveyed for only 8 months, thus resulting in
some inconsistency in sample scheduling. To remedy that, for the
purpose of analyzing prevalence, we used five ponds for 2 years
and left out the other five ponds. But we used all 10 ponds for the
entire 27 months for isolation purposes. The overall prevalence in
the five ponds was 29.4% for the 24 months. The prevalence of
Salmonella for each pond ranged from 25.0% to 37.5% (Table 4).
There was one multiserovar sample (C234) that yielded two dif-
ferent serovars. Interestingly, almost all 51 Salmonella isolates

TABLE 4 Prevalence and distribution of Salmonella enterica in irrigation ponds in produce farms

Pond
code

Recovery of Salmonella in:

Prevalence
(%)

2011 2012 2013

Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept

MD1 	 	 	 	 	 	 	 	 	 37.5
CC2 	 	 	 	 	 	 	 	 33.3
LV 	 	 	 	 	 	 	 29.2
NP 	 	 	 	 	 	 25.0
SC 	 	 	 	 	 	 25.0

FIG 4 Prevalence of Salmonella enterica in the five irrigation ponds from October 2011 to September 2013.
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were found to be members of the most common food-borne
pathogenic Salmonella serovars; S. Newport (n � 29) was the most
commonly detected serovar, followed by S. Enteritidis (n � 6), S.
Muenchen (n � 4), S. Javiana (n � 3), S. Thompson (n � 2), S.
Saintpaul (n � 2) and single isolates of other serovars (Fig. 3).
However, one of the most common serovars, S. Typhimurium,
which is also one of the major Salmonella serovars associated with
waterborne salmonellosis (36), was not present during this survey
period. The reason for the absence of S. Typhimurium in the re-
covery list (Table 4) was not completely known; however, it may
be due to the microecology of the irrigation ponds, which depends
heavily on the microbial populations in the local environment and
some specific chronological events, such as rainfall, outbreaks,
and intrusions of wildlife. On the other hand, an S. Virchow iso-
late (C243), a serovar found in many European, Asian, and Oce-
anic countries (37, 38), was recovered. It is worth noting that this
serovar is clinically significant due to the frequency at which it
causes invasive infections and to its association with food-borne
outbreaks (39); this isolate also demonstrated reduced suscepti-
bility to kanamycin (Table 2). Overall, the prevalence (29.4%) of
Salmonella in the surface waters in the sampled ponds was low but
within the range described by previous studies. Specifically, this
prevalence was higher than the 7.1% prevalence rate that was re-
ported by Gorski et al. (18) from water samples from an agricul-
tural region in California and the 7.7% prevalence rate reported by
Micallef et al. (40) from water ponds associated with Mid-Atlantic
tomato farms, but it is lower than the prevalence rate of 79.2% that
was reported by Haley et al. for the watershed in the Suwannee
River Basin of the southern Georgia (15). The variations in the
prevalences may be due to differences in the microenvironment
surrounding the ponds, geography, water sources, sampling
schemes, and detection methodologies. Furthermore, irrigation
water supplies are intrinsically different, with the West Coast us-
ing aqueducts and the East Coast using surface catchment.

Seasonality was shown with a higher Salmonella prevalence in
the summer months (July, August, and September) than in other
months (P � 0.0218) during the 2 years of surveyed period (Fig.
4). This elevated prevalence in the summer months may be influ-
enced by temperature and precipitation, as evidenced by temper-
ature and pond water level record in the irrigation pond field sheet
(data not shown). This is in agreement with the previous report on
the Salmonella seasonality in the Little River watershed (15),
which is located in the State of Georgia and next to Suwannee
River Basin. There are about 80,000 irrigation ponds in use by
produce farms within the Suwannee River watershed. Half of
them are man-made and represent relatively isolated water bodies
for agricultural purposes or produce production. The southeast-
ern coastal plain (SECP) is an ecoregion which spans portions of
Louisiana, Mississippi, Tennessee, Alabama, Florida, Georgia,
South Carolina, North Carolina, and Virginia. It is an important
vegetable production area of the United States. The 10 selected
irrigation ponds covered a relatively large area in southern Geor-
gia, which has been identified by federal agencies and researchers
as being representative of the agricultural practices, climate, and
water resources of the SECP (41, 42). Thus, the information on the
prevalence and distribution of Salmonella in these irrigation
ponds can bridge the knowledge gap for this larger area and pro-
vide a reference for other areas in the United States. PFGE analyses
separated the 29 S. Newport isolates into two clusters, i.e., clusters
C and D. Previous studies have demonstrated that S. Newport is

polyphylogenetic and is further grouped into three different ge-
notypical clusters (43, 44). More importantly, with PFGE
PulseNet pattern numbers, we were able to demonstrate that the
water sample isolates (Fig. 3) were indistinguishable from the clin-
ical isolates. Some of them showed identical PFGE PulseNet pat-
terns to those of isolates from the recent outbreaks, such as Sal-
monella outbreaks of S. Thompson in 2010, 2012, and 2013, of S.
Enteritidis in 2011 and 2013, and of S. Javiana in 2012. It is of
interest that some of the serovars such as S. Newport had been
present in the surveyed area sporadically over the 2-year-period.
However, the presence of S. Newport in the irrigation ponds was
not consistent because there was no positive detection of the same
serovar (S. Newport) in the same pond for two or more consecu-
tive months (Fig. 3). These results suggest that the irrigation water
may be a potential source of contamination of Salmonella in fresh
produce and underscore the necessity for close monitoring of mi-
crobial populations such as Salmonella in surface water used for
irrigation; the information on prevalence, distribution, and diver-
sity of Salmonella enterica in irrigation water will be valuable for
the development of strategies to minimize the risk of Salmonella
outbreaks associated with fresh produce farms.

Another key finding of the present study is the recovery of the
MDR-AmpC-phenotype S. Newport strains from irrigation pond
water in produce farms. The PFGE analysis on the isolates
grouped the 29 S. Newport isolates into two different clusters, i.e.,
clusters C and D (Fig. 3). This prompted us to assess the antimi-
crobial susceptibility of all 51 isolates to 16 commonly used anti-
biotics. Surprisingly, the 16 S. Newport isolates in cluster D were
confirmed to be resistant to 9 of the 16 tested antibiotics tested
(amoxicillin-clavulanic acid, ampicillin-sulbactam, ceftazidime,
ceftriaxone, cephalothin, chloramphenicol, streptomycin, and
tetracycline, and trimethoprim-sulfamethoxazole) (Table 2), and
some of the antibiotics, such as ceftriaxone and cephalothin, are
the third generation of cephalosporins. Besides the S. Newport
isolates, an S. Bareilly isolate (C245) also demonstrated resistance
to ceftriaxone. The PFGE pattern of the 16 S. Newport isolates
perfectly matched the PulseNet pattern number JJPX01.0085,
which is one of most common of S. Newport MDR-AmpC pat-
terns isolated from human clinical samples, beef, and poultry in
the U.S. PulseNet database. Recovery of the MDR-AmpC-pheno-
type S. Newport isolates from irrigation ponds in produce farms is
of importance in epidemiology and clinical settings in several re-
spects.

First, salmonellosis caused by nontyphoidal Salmonella (NTS)
serovars ranges from mild diarrheal disease to severe systemic in-
fections; it is generally self-limiting, and antimicrobial therapy is
not needed. However, antimicrobial therapy plays a critical role in
treating salmonellosis in young children, the elderly, and immu-
nocompromised patients (45). Currently, effective antimicrobial
therapy for severe salmonellosis depends on extended-spectrum
cephalosporins and fluoroquinolones (46). However, the recent
emergence of MDR serotypes of Salmonella enterica has raised an
issue in the management of salmonellosis (47, 48). Salmonella of
the MDR-AmpC phenotype resistant to extended-spectrum ceph-
alosporins, the third-generation cephalosporins, has become a
global problem since the 1980s, with reports from Europe, North
and South America, north and west Africa, and Asian countries.
Resistance to extended-spectrum cephalosporins is associated
with clinical failures, including death, in patients with systemic
infections. Ceftriaxone is the drug of choice for treatment of se-
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vere salmonellosis in humans, especially in children. Therefore,
identification of the S. Newport MDR-AmpC from irrigation
pond water raises significant public health concerns. To our
knowledge, this is the first to report the presence of the S. Newport
MDR-AmpC phenotype in irrigation pond water in produce
farms, and the investigation on the occurrence and distribution of
the S. Newport MDR-AmpC phenotype in this study provided
knowledge for the development of a strategy of safety and efficient
irrigation with surface water. Second, the PulseNet pattern num-
ber of the isolates of the S. Newport MDR-AmpC phenotype (Fig.
3) matched that from clinical isolates, suggesting that the S. New-
port MDR-AmpC phenotype isolated from the irrigation ponds
might be associated with the Salmonella infections. Third, the
prevalence of the S. Newport MDR-AmpC phenotype in the se-
lected irrigation ponds was alarmingly high (9.4%, 16/170) in ir-
rigation ponds in the southeastern United States, considering that
this particular Salmonella phenotype is more commonly found in
areas of high population density and relatively high milk cow den-
sity in the northern parts of the United States (9). This suggests
that special attention should be given to the development of a
strategy of safety and efficient irrigation with surface water. Last,
the 10 surveyed irrigation ponds are in a relatively large area, and
some ponds are as far as 181 km apart (Table 1). The presence of
the S. Newport MDR-AmpC phenotype in the studied area was
widespread (90%) during the period of survey (August to Decem-
ber 2011) (Table 4); the first occurrence of the S. Newport MDR-
AmpC phenotype in irrigation ponds (LV and NP) was in August
2011, and the second and third times of recovery of this particular
Salmonella phenotype from the same ponds were in December
2011 and July 2013, respectively (Fig. 3). This suggested that the
presence of the S. Newport MDR-AmpC phenotype in the studied
area (10 ponds) was not accidental or coincidental; rather, it must
have underlying reasons or mechanisms. To identify and reveal
the possible reasons or mechanisms for this high prevalence of the
S. Newport MDR-AmpC phenotype in the irrigation ponds war-
rants future study. Our finding further strengthened the argument
for close monitoring of microbial populations, such as the food-
borne pathogen Salmonella, in surface water used for irrigation in
produce farms as this surface water might involve the risk of con-
taminating produce with the S. Newport MDR-AmpC phenotype
pathogen.

Conclusions. A novel Salmonella isolation scheme was devel-
oped for investigation of the prevalence, diversity, and antimicro-
bial resistance of Salmonella enterica in surface water in the south-
eastern United States. The new isolation scheme significantly
increased Salmonella recovery (29.4%) from the irrigation pond
water samples compared with the recovery (21.2%) using the
BAM method and shortened the turnaround time to 4 days from
5 to 9 days (BAM method). The PFGE analyses demonstrated that
the Salmonella isolates from the irrigation water in the produce
farms were identical to those of the Salmonella outbreaks in 2010,
2012, and 2013 (S. Thompson) and in 2012 (S. Javiana). It is of
note that some of the Salmonella isolates, including 16 S. Newport
MDR-AmpC phenotype isolates, exhibited indistinguishable
PFGE patterns with strains that were associated with some of the
recent Salmonella outbreaks or strains isolated from clinical set-
tings. These findings suggest that the irrigation water may be a
potential source of contamination of Salmonella in fresh produce
and underscore the necessity for close monitoring of microbial
populations, such as the food-borne pathogen Salmonella, in farm

surface water used for irrigation. This information may be useful
for the development of strategies to minimize the risk of Salmo-
nella outbreaks associated with fresh produce.
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